AD-AD9H 531 COASTAL ENGINEERING RESEARCH CENTER FORT BELVOIR VA F/6
PREDICTION OF SHORE RETREAT AND NEARSHORE PROFILE ADJUSTMENTS T--ETC(U)
OCT 80 E B HANDS

UNCLASSIFIED CERC~TP-80-7

A ............




||||| L0 =iz
= =z

““ A 22

e
L2 s nee




ey, 2

Prediction of Shore Retreat and Nearshore
Profile Adjustments to Rising Water
Levels on the Great Lakes

by
Edward B. Hands

TECHNICAL PAPER NO. 80-7 '
OCTOBER 1980

ADAO98 531

Approved for public release; .
distribution unlimited.

U.S. ARMY, CORPS OF ENGINEERS ;
COASTAL ENGINEERING f
RESEARCH CENTER

Kingman Building
Fort Belvoir, Va. 22060

X | 81 5 04 135

DTIC FILE copy




Reprint or republication of any of this material
shall give appropriate credit to the U.S. Army Coastal
Engineering Research Center.

Limited free distribution within the United States
of single copies of this publication has been made by
this Center. Additional copies are available from:

National Technical Information Service
ATTN: Operations Division

5285 Port Royal Road

Sporingfield, Virginia 22161

The findings in this report are not to be construed
as an official Department of the Army position unless so
designated by other authorized documents.




A (T e

A e

v

4. TITLE (and Subtitle)
T

el

| /4/ , .
(. [ e

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

.-_._..A...» e —

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

t. REPORT NUMBER

TP 80-7 —

D-Ao 58 31

2. GOVT ACCESSION NOJ

3. RECIPIENT'S CATALOG NUMBER

|ZROFILE 4DJUSTMENTS TO RISING WATER LEVEL

gﬁ’N THE GREAT LAKESg
L3

- TYPE OF REPORT & PERIOP COVERED
- —— TR S et - . 1 - e T
4;REDICT10N OF;,HORE RETREAT AND w.ARSHORE\ ‘ /? l Technical Paper l

s / pern 4

€. PERFORMING ORG. REFORT NUMBER

———
7. XU

Edward B.[ Hana
l L

8. CONTRACT OR GRANT NUMBER(s)

S. PERFORMING ORGANIZATION NAME AND ADDRESS
Department of the Army
Coastal Engineering Research Center (CEREN-GE)
Kingman Building, Fort Belvoir, Virginia 22060

10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNI BERS

D31235 ///L:(/l

11. CONTROLLING OFFICE NAME AND ADDRESS >
Department of the Army ‘ /
Coastal Engineering Research Center

Y oo |

=

5. NUMBER OF PAGES

Kingman Building, Fort Belvoir, Virginia 22060 119
. MONITORING AGENCY NAME & ADORESS(!! differont from Controlling Office) 1S. SECURITY CL 4SS. (of thie report)
UNCLASSIFIED

1Sa. sDCECL ASSI FICATION DOWNGRADING

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unliimite

d.

7. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, If different from Report)

19. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reveras side if neceasary and identity by block number)

Beach profile adjustments
Great Lakes Off
Lake level changes

Lake Michigan

shore bathymetry

20. ASSTRACT (Continue an reverse side if necessary and identify by block mamber)
The effects of water level changes on shore

important in the Great
rapidly for periods of 5 to 10 years and then dec
years.
tions.
are (a) by measuring rates of shore change at ¢
after a recent rise i{n the

water surface elevations,

recession are particularly

Lakes because annual mean lake levels often rise

line for a similar number ot

To a limited extent, man can anticipate and influence these fluctua-
Two methods of predicting the response of a beach to such fluctuations

ertain locations during and
and assuming the next
(continued)

00 (5% W73

EDITION OF ! NOV 68 13 OBSOLETE

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Bntered)

P
R
~/

|

W S sr™




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

A
| change 1in water level will illicit a similar response, or (b) by balancing
sedinent gains and losses in a manner that would adjust an equilibrium profile
to the new water level.

The first method entails a qualitative evaluation of differences in lake
level behavior and geomorphic conditions between the study site and the site
ot application. If mean water levels are predicted to remain at their new !
clevation long enough for complete profile adjustment, then the second method
(sediment balance apprvach) should be used. The latter approach also accounts
for site-specific variations.

Shore recession in response to higher mean water levels involves adjust-
ments which atfect a broad area of the nearshore zone. The sediment balance £l
approach provides a realistic model for evaluating the ultimate response of .
both the shoreline and the nearshore zone to a quasi-permanent change in water é
levels. This fact was verified by measurements of profile change between 1967
and 1976 along a section of the eastern shore of Lake Michigan.éfThis data set
also permitted an evaluation of the timelag between lake level changes and
profile readjustment. A relationship between the maximum depth of profile
ad justment and the wave climate is proposed which will facilitate application
of these results to other locations throughout the Great Lakes.

»
Qchssion For
NTIS GRaary [974
DTIC T:iB rj
Unannour-~24 ﬁ
Justification ___ ‘
By —_——
| Distritutiony B
Avall-:-iitv ¢ o
Dist . i
!
]
S
2 UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(Whon Data Entered)

T ST AP A T T

it st PIOERISIIN S ST i — et aiithn ensitniis v e
e




PREFACE

This report provides coastal engineers with documentation that a wide zone
of nearshore bathymetry responds to long-term increases in water level by
migrating inland with the receding shoreline. The dimensions of the =zone
affected depend on the wave exposure. A simple procedure is presented for
estimating the magnitude of shore recession and the depth of profile adjust-
ment for any sandy stretch of shore on the U.S. side of the Great Lakes.

This report is based on a 9~year series of nearshore surveys conducted on
the eastern shore of Llake Michigan. The first three surveys (1967, 1969, and
1971) were carried out by the U.S. Army Lake Survey as part of their shore
processes investigations. The remainder of the work was carried out under
the sediment hydraulic interaction program of the U.S. Army Coastal Engineer-
ing Research Center (CERC).

The report was prepared by Edward B. Hands, under the general supervision
of Dr. C.H. Everts, Chief, Engineering Geology Branch, Engineering Develop-
ment Division, CERC. Reviews and helpful comments from Drs. C.H. Everts and
R.D. Hobson of CERC, and P. Bruun, are deeply appreciated. Dr. W.L. Wood and
J. Pope provided data used in the example problems.

Comments on this publication are invited.

Approved for publication in accordance with Public lLaw 166, 79th Congress,
approved 3l July 1945, as supplemented by Public Law 172, 88th Coungress,

approved 7 November 1963.

y/ .
D E. HOP

Colonel, Corps of Engineers
Commander and Director
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted to
metric (SI) units as follows:

Multiply by To obtain
inches 25.4 millimeters
2.54 centimeters
square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters
feet 30.48 centimeters
0.3048 meters
square feet 0.0929 square meters
cubic feet 0.0283 cubic meters
yards 0.9144 meters
square yards 0.836 square meters
cubic yards 0.7646 cubic meters
miles 1.6093 kilometers
square miles 259.0 hectares
knots 1.852 kilometers per hour
acres 0.4047 hectares
foot.-pounds 1.3558 newton meters
millibars 1.0197 x 1073 kilograms per square centimeter
ounces 28.35 grams
pounds 453.6 grams
0.4536 kilograms
ton, long 1.0160 metric tons
ton, short 0.9072 metric tons
degrees (angle) 0.01745 radians
Fahrenheit degrees 5/9 Celsius degrees or Kelvins!

ITo obtain Celsius (C) temperature readings from Fahrenheit (F) readings,

use formula:

C = (5/9) (F -32).

To obtain Kelvin (K) readings, use formula:

K= (5/9) (F -32) + 273,15,

aakag i e
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SYMBOLS AND DLFINITIONS
average height of affected dunes
depth of profile adjustment
estimate of d (J = 2.1 h5)
significant wave height with a 5-year return period

a constant of proportionality between wave height and the depth of
profile adjustment

natural logarithm

volume sediment flux into the survey area

sediment overfill factor--the ratio of sediment volume supplied by
profile recession to that retained after sediment sorting, packing,

and profile readjustment

signum function having values of: 1 for z > 0; -1 for z < 0; and 0O
for 2 = 0

time

thickness of volume change if spread evenly over the survey area
average horizontal extent of profile ad justment

average horizontal displacement of the profile and shoreline
longshore extent of survey area

average vertical extent of adjusting shore profile

average change in elevation of the water surface

the effective angle of profile response if Ry =1 and Q = 0 (eq. 3)
(also symbol for "is directly proportional to")

profile digitizing interval
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PREDICTION OF SHORE RETREAT AND NEARSHORE PKOFLLE
ADJUSTMENTS TO RISING WATER LEVELS ON THE GREAT LAKES

Ry
Fdward B, Hands

[. INTRODUCTION
1. Purpose.

This report demonstrates that increased shore retreat during periods or
sustained high water 1is merely the most visible expression of a massive
ad justment affecting a much wider area oftshore. An equilibrium sediment
balance model realistically describes the ultimate, broad profile response to
increased water levels. Beach and necarshore surveys along a section of the
eastern shore of Lake Michigan (Fig. 1) in 1967, 1969, 1971, 1975, and 1976
provide the basis for this analysis. The results are generalized to provide a
simple but rational approach for estimating the response of sandy shore areas
throughout the Great Lakes to future long-term change in water levels.

2. Backyround.

Because of variations in climatic factors within their regional drainage
basins, the Great Lakes experience water level fluctuations uncharacteristic
of ocean shores (Fig. 2). Dry periods are common during which the mean
elevations of the lakes decline for many years in succession. After these
long periods of falling lake levels, it is easy for new property owners to
overestimate the stability of the shores and build structures too close to the
lakes. Storm erosion during later years of high water accelerates shore
recession and creates costly property damage. The persistence of high water
conditions for many years permits extensive profile adjustment via erosion and
ot fshore sediment transport.

Recurrently during periods of extreme shore erosion there has been pudblic
interest in gaining greater control over lake level fluctuations. However, a
study by the International Great Lakes Level Board (1973) concluded that regu-
lation of the five Great Lakes, while possible, would not provide benefits
commensurate with cosits; outflows from Lake Superior and Lake Ontario have
been controlled since 1921 and 1958, respectively. Natural variations in the
water supply to these basins are too large, however, to maintain constant lake
levels, so adjustments are made in the flows to benefit the many interests
involved. Reliable estimates of shore erosion for various water level condi-
tions are important in evaluating the impact of regulation plans on riparian
interests. An improved understanding is also needed for the proper design of
coastal construction projects and beach-fill operations, and the recommenda-
tions of setback distances, etce.

A report on recent changes in rates of shore retreat summarized data from
the same set of surveys used here, but considered only the changes within 100
meters of the shoreline (Hands, 1979). Dates, types of data collected, and
reports on the earlier surveys are discussed in Section II.
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11. DATA COLLECTION

l. Profile Stations.

Hydrographic surveys were conducted near Pentwater Harbor on the eastern
shore of Lake Michigan in both the spring and fall of 1969 (Fig. 3). These
surveys revealed little variation in nearshore bathymetry beyond the first 50
meters otfshore. The formation, migration, and eventual welding of an ephem~
eral coastal bar to the subaerial beach constituted the major change during
these periods of relatively limited wave action. However, when these profiles
were compared with profiles from several of the same stations 2 years earlier,
apparent changes in bathymetry were evident out to a depth of 5 meters. To
further investigate thi apparent long-term profile evolution, profile changes
were monitored in 1971, 19795, and 1976 by resurveying the 10 original stations
(established in 1967 within a kilometer of the jettied entrance to Pentwater
Harbor) and 24 additional stations spread over an adjacent 50 kilometers (Fig.
4).

2. Survey Periods and Earlier Reporting.

Profiles were measured during six different survey periods over a span of
9 years. The survey periods and monthly mean lake levels are shown in Figure
5. Changes in bathymetry between 1967 and 1969 were reported in Saylor and
Hands (1970). Hands (197ba) provided a description of the cross—sectional and
areal geometry of tihe longshore bars throughout the 50-kilometer reach, as
well as information on grain-size variations and some speculation on the pro-
file adjustment between 1967 and 1971. Hands (1976b) compared profile devel-
opment through 1975 with a possible relationship between regional tilting ot
the Great Lakes basin and variations in historic bluff recession around the
perimeter of Lake Michigan over a [20-year period. Hands (1979} incorporated
results from the 1976 survey to describe the effects of water level changes on
the shore and on the inner parts of the profile (*100 meters from the shore-
line). The present report summarizes adjustments of the wider responding
profile and recommends procedures for estimating shore and nearshore changes
likely to occur in sandy regions of the Great Lakes as a result of future
variations in mean water level elevations.

3. Profile Procedures.

In 1967 the profiles were measured by winching ashore a four-whecel level-
ing cart, halted every 5 meters so that elevations could be determined, using
an engineer's level located on the shore. Upon reaching the shore, the cart
was pulled by Jeep down the beach to the next station and then towed offshore
by boat. This methiod limited coverage to depths less than 5 nmeters and
required a moderately wide, unobstructed beach for efficient operations. In
subsequent years, echo sounding was used to extend coverage on the outer part
of the profile but instrument leveling continued to be used in shallow water
to provide an overlap with the sounding record and extend the profile into the
dunes. Boat positioning was accomplished by an optical intersection using two
transits in 1969 and 1971 (Hands, 1976a) and by a range and azimuth microwave
system in 1975. In all yedars a transit was locked on the profile azimuth for
the individual station being sounded; radio contact between a transit man and
the boat operator ensured that the boat remained on line.

10
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Figure 5. Hvdrograph showing change in lake levels hetween survev
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All shore profiling was done with an automatic engineer's level. Dis~
tances were determined in previous years by a rodman carrying onc end of a
marked measuring wire which was spooled out and read from the reference
monument; the standard three-wire reading method was used in 1976. Shore
monuments at each profile station were tied to one another, to surrounding
bench marks, and to second-order geodetic monuments surveyed by National Ocean
Survey (NOS) in 1973. Vertical reference was supplemented during profiling
operations using a system of water level recorders, water surface rod-
readings, and a portable stilling well which was placed near the shoreline at
the station being sounded.

As mentioned, use of the leveling cart limited coverage to depths of less
than 5 meters in 1967. The outer limit was extended to 11, lb, and 21 meters
in 1969, 1971, and 1975, respectively. No echo sounding was done in 19765 the
shore profiles terminated in about 1.5 meters of water.

I1l. PROFILE CHANGES

1. Shore Retreat.

The annual mean surface elevations of Lake Michigan rose l.4 meters from a
record low in 1964 to a record peak for this century in 1973. The earliest
shore profiles in the study area were surveyed in 1967 after the water level
rise was well underway. The rates of shore retreat from 1967 through the peak
water year, and for 3 years thereafter, are contrasted with historic retreat
rates by Hands (1979). The average rate of shore retreat (landward displace-
ment of the stillwater level) during the latter part of the recent period of
rising water was about six times greater than it had been during the preceding
120-year period, or about eight times greater than during the previous 50
years. This increase reflects the effect of recent high lake levels. As the
lake levels rose the shore retreated roughly in proportion to the increase in
lake levels. Retreat rates remained high for several years after lake levels
stabilized; then as levels declined between {975 and 1976 the beach began
prograding lakeward. During the last year of study, the average advance of
the shore was similarly proportioned to the drop in lake level during that
period. The horizontal change in shore positions averaged about 40 times the
vertical change 1in water level surface during those same periods. Simple

13
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linear regression of shore retreat against the change in lake level explained
50 percent of the variance in retreat wmeasurements,

By 1975 the shore had retreated an average of 24 meters from its 1967
position, but variations between adjacent stations were large. The maximum
difference was observed at Little Sable Point which lost 36 meters in 6 years;
the loss was only 6 meters just 2 kilometers away. Shore losses in the
vicinity of the Pentwater jJetties were generally low due to a combination ot
shore protection practices in that area. Variations among the other stations
were not as easily explained.

More than 80 percent of the ultimate shore retreat was due to actual reces-—
sion caused by erosion and less than 20 percent was due to the immediate effect
of encroachment of the high water across the sloping beach.

2. A Qualitative Description of Nearshore Adjustment.

Assume that an increase in water level sets the stage for an adjustment of
the shore profile. The profile will tend to follow the rising water level by
moving upward and landward as the shore retreats. The zone affected will
extend from the point of highest wave attack down to some point of profile clo-
sure, below which the bottom is not actively shaped by surface-related forces.
The point of profile closure may be close to shore if the profile is responding
to a diurnal change in water level. However, if the increase in water level
persists for several years, then occurrence of the normal series of storms may
extend the point of profile closure to depths of more than 10 meters.

Along almost the entire eastern shore of Lake Michigan, and at many other
sites on the Great Lakes where there is sufficient sand, littoral forces have
built a sequence of submerged sand ridges or 1longshore bars from shallow
inshore to deeper offshore (Fig. 6). In the present area of study the multiple
bar formation extends from shore to a depth of about 8 meters. Thus, many
aspects of the long-term profile adjustment can be described in terms of
changing bar positions.

3. Bar Geometry.

Bars in the Great Lakes have greater longshore continuity and are more
regular in cross section than those on most ocean coasts. On the lakes, long-
shore bars are also persistent from year to year, whereas they may occur only
seasonally on ocean beaches. The continuity, regularity, and persistence of
longshore bars are likewise remarkable on enclosed seas (e.g., the Baltic, see
Hartnack, 1924; the Mediterranean, see King and Williams, 1949; the Caspian,
see Knaps, 1966). These differences probably reflect the restricted range of
wave conditions (period, direction, and height) and tidal variations on the
lakes and enclosed seas.

Four to five bars are persistent from year to year at most stations in the
study area. An additional smaller emphemeral sand ridge often forms closer to
the shore during higher wave action, but migrates to shore and merges with the
upper beach face as wave conditions wane. In the longshore direction, these
ephemeral coastal bars are less continuous than the outer longshore bars. The
coastal bar can be short (less than 1 kilometer) and discontinuous, or shore-
tied at both ends, irregular or part of a cellular pattern in the nearshore
bathymetry (Hands, 1976a). Where the coastal bar ties to the shore there is
usually a protrusion of the shoreline and a flanking indentation (Hands, 1979).

14




Figure 6. Longshore continuity of bars in the Great lakes. The {nner two to
three bars are usuallv visible when viewed from high bhluftfs and
dunes along the shore. In the above photo (taken about 90U meters
above lake level) the inner three bhars can be seen tollowing the
curve of the shoreline from statfon 10 towird Pentwater Harbor in
the upper right corner (a distance of about 6 kilometers).

The continuity of the longshore bars is interrupted 10 the northern part
of the study drea by the Pentwdater Harbor jeltices. bLach vear the outer bars
extend into the entrance chammel beyond tlie end ot the jettics. Typically,
40,000 to 60,000 cubic meters of sand is dredged annually trom this entrance
bay and from the inland channel where windblown sand makes an important con-
tribution (Seeliy and Sourensen, 1970), In recent yedrs an jacredasing gmount
of this sand has been used to nourish adjacent beaches; uowever, most ol it 1
taken about 1.5 kilometers ottshore and dumped  into il to Ly=meter depthise

In general, jetties which penetrate the surt zone iaterrupl the oraal
longshore transport of littoral dritt. There is trequent concern tual lon,,
jetties divert some of the drift oftshore where it accamulates in waler so
deep that the sand is essentially lost trom the littoral syvstem. Ihe  broad
mourd of sediment opposite the Pentwater jetties lies at a4 depth ol ahout i
meters and may have originated as a4 result of such a diversion ot longshore
currents. However, the broadly symmetrical appearance and position ot tuc
mound (Fig. 7) suggest it 1is more likely an cxpression ot the open wator
ulsposal of the matuerial dredged trom the channel,

An interruption of longshore bar continuity also occurs opposite Little
Sable Point. The bars at this location are not only discontinuous, as ob-
served in aerial photography, but are also nuach less regular and less smooth
in c¢ross section. Bathymetrically, Little Sable Point is a transition soac
dividing the study area into two 1early equal stretches with distinctly
different bar geometry. A scquence ot tour well=tormed longshore bars mark-
both areas, but in the north these bars are shallower and closer to shore (afll
within the first 400 meters). South ot the point the barred zone is about oo




Elevation (m}

1
Flgure 7. Beach and nearshore bathvnetey fn the vicinity ot the Pentwater
Channel which transects the heach and barred areas. Hummocky
bathvmetyy offshore way represent material Jdredged from the
channel ami dumped ottshore in previous vedrs.

meters wide and, as in the north, the tirst persistent bar has a depth of 1 to
2 meters over the crest; the increase in depth between bars in an otfshore
direction is taster so the outermost, well-developed bar has 5 to 6 meters
over the crest as compared to 3- to 4-meter depths north of the point. The
ditference in shoreline orientation north and south ot the point is approxi-
mately b6U°, which, by altering the nearshore wave conditions, could be respon-

sible tor the contrast in bar geometry between these two sectionse.

4s  Bar Hiﬁrdtiun.

vn the basis of profile changes between 1967 and 1909 at a few stations in
the immediate vicinity of the Pentwater jetties, Saylor and Hands (1970) pro-
posed that longshore bars migrate landward as lake levels rise, and by doing
so maintain constant depths beneath the gradually rising lake surtaces. This
prouposal was consistent with Keulegan's ([948) conclusions after studying the
tactors controlling bar tormation {n wave tanks. However, the proposal was
contrary to all the other tield studies on the Great lakes. Reports ot
previous ticldwork emphasized long=term stability ot bars deeper than the
ephemeral bar nearshore (e.g., Davis and Meueary, 1965) or iadicated that
during periods ot persistently rising water new bars were continually created
inshore ot the old series, thereby replacing outer bars which were lett
stranded too deep to be attected by surtace wave action (kvans, [940).

Betore summarizing the bar migration obscrved o this study, coasider
that, f{n general, any interpretation ot protile change usually eatails a
beliet that the protile occupiled only those positions intermediate between the
positions determined during  the actudl  survevs. Whether or not possible
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extreme excursions between surveys can safely be ignored depends on the energy
conditions and the temporal and spatial scales involved, as well as on the
application at hand. To reveal trends in long-term bathymetric adjustment to
higher water levels, profiles taken even several years apart are quite useful,
especially 1if all the profiles are obtained during similar phases in any
seasonal cycles but over a period of persistent annual change (see Fig. 8).
The magnitude of weekly to monthly profile changes is represented in Figure 8
by four surveys spanning the period from 19 July to 12 August 1967. Their
relatively close agreement contrasts with the difference that develops between
spring and fall as shown by the May and August 1969 surveys. The long-term
trend in bar migration can be seen in the overall change from 1967 ro 1969 and
in the comparison of bar positions in those years with the final bar position
determined at this location in 1975. Careful measurements are necessary to
discern the small weekly changes from possible profile error. However, the
cumulative effect of long-term migration clearly exceeds both the margin ot
error and the range of short-term fluctuations.

180
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178
26 AUG 69
111y 6 AUG 7S 21 MAY 69
'E‘ 12 AUG &7
: el 8 AUG 67
) 2S5 JuL 67
= 1978
2 Ll 27 19 qu 67
»
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174}
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.” ik - ' A Iy Y A vd - —
[} b ) on 15¢ 200 250 300 350 400 450

Distonce from Base Monument (m}

Flpure 8. Short-term changes in hathvmetry versus long-term bar migration. The
short-term changes are {llustrated by four surveys in 1967. May and
August surveys in 1969 reveal larger changes. The final surveyed bar
position {n 1975 fllustrates the etfect of long-term bar migration.

Details of intermediate surveys at other stations are shown in Appendix
A To simplify the presentation of general trends, only the earliest and
latest surveyed bar positions are shown in Figure 9. The original survey in
1967 covered the area 1in the immediate vicinity of the Pentwater jetties
(stations 3 to 8). The remaining stations (1, 2, and 9 to 29), spread over
the adjacent 50 kilometers, were first surveyed in 1969.

Continued monitoring or profile development throughout the remainder of
the rising phase in lake levels and for several years thereafter (until 1976)
confirms the original proposal (Saylor and Hands, 1970) that bars tend to rise
with the water level. However, landwdard migration of the bars was confirmed
only by the two to three inner bars within 250 meters of shore. The outer
bars did not reveal the same tendency toward shoreward migration as the inner
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bars did, at least not between 1909 and 1975. Furthermore, the outer bar
during this period generally lost relief as a result of various combinations
of crest erosion (predominant at stations 2, 12, 16, and 18) and trough fill-
ing (predominant at stations 4, 8, 11, and 19). By 1975 these two processes
had progressed to the point of completely eliminating the outermost bar at 6
of the 33 stations (4, 9, 11, 13, 19, and 24).

5. Depths of Profile Closure.

All profiles collected were examined for evidence of a limiting depth
below which there were no bottom changes over the period of study. In 1967
the bathymetric surveys terminated at the 5-meter contour. Over the 2-year
period from 1967 to 1969, substantial bottom changes occurred throughout the
zone from the shoreline to the 5-meter contour. This evidence of deep profile
fluctuation prompted the extension of surveys to greater depths--1l meters in
1969 and 21 meters in 1971 and 1975. Although probable depth error increased
with distance from shore, the longer profiles converged at their outer ends.

Because relief on the longshore bars increased significantly from one bar
to the next in the lakeward direction and the bars migrated yearly, the enve-
lope of bottom change also increased from the shoreline lakeward across the
barred zone (Fig. 10). Beyond the outer bar, the envelope of bottom change
narrowed abruptly.

185

180 |

Water Surface

175+ Envelope of Change

Critical Depth

160 |- i
Pinch -out Depth
! \

0 500 (m) 1,000 1,500

Figure 10. Envelope of bottom change, station 4 (1967-75). After several years of pro-
file adjustment to higher water levels, the cnvelope of changes in bottom
elevation is thickest in the zone traversed by the largest migrating bar and
narrows abruptly above the wave uprush and below the barred zone.

Elevation, IGLD (m)
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An examination of all profiles indicated that instead of choasing a siapgls
limiting depth, it would be more realistic to pick two depths: the critical
depth, a shallower depth above which bottom changes typically exceeded .3
meter, and the pinch-out depth, a deeper depth below which therc as no evi-
dence of change. Between the critical and the pinch-out depths there is g
small but consistent evidence of aggradation (about 0.2 to o] nmeter in oo

years), indicating transport and accumulation of sediment bevond the barred
zone. Beyond the pinch-out depth, changes were haphazard and venerallv less
than 0.10 meter. Which of the two indicators of closure (critical or pinch-
out) will be the most relevant depends on the application. For example, when
planning a sediment budget the bathymetric surveys should run to at least the
pinch-out depth. On the other hand, when selecting a site for placement ot a
bottom structure or instrument package, going bevond the critical depth mav be
enough to preclude burial by the normal processes of sedimentation.

The selection of the closure depths involves an acknowledged subjective
evaluation as to where the profiles appear to close at each survey station.
The degree to which individual judgment affects these estimates is illustrated
in Figure 1l by two estimates obtained independently by two different individ-
uvals at each of the profile stations. Discrepancies between individuals,
while substantial at some stations, do not have an unacceptable etfect on the
average depth for a broad reach of shore. Thus, attempts to obtain greater
apparent objectivity in the selection of the individual depths scem
unnecessary.

Station Nos.
0 5 {0 19 20 25 30
i 5 —T" T —T T T !

-9
q s 4
8t o; ?
!
€ 9 17
£
3'0F
1
5 q o
IZL é ] é
DEPTH OF CLOSURE (m) l
13} ® 4
Criticol depths shown above
Pinch - out depths below
tal )

Figure 1l1. Depths of closure. Estimates of profile closure were made inde-
pendently by two different individuals (represented as [} and 0)
at profile stations ! to 29, Solid lines connect their estimates
of critical and pinch-out depths at the same stations. At sta-
tions where the profile did not extend deep enough to permit a
confident selection of the pinch-out depth, a dotted line extends
2 meters below che critical depth ecstimate.

21

....‘-h-.u-ﬂ.ﬁh"n-ﬁH-Hn-.-ﬁ-._.-ﬁH..-.-.‘.‘.....i--ﬁﬂ-ﬂ“’ ot il .




L v N

The critical depth averaged a little more than 7 meters on the north side
of Little Sable Point, and a little more than 8 meters on the south side
(stations 16 to 29, see Fig. 9). North of the point, the average pinch-out
depth was 10 meters. South of the point, there was no clear pinch-out on
severai of the stations because the 1969 profiles were too short; where the
pinch-out was 1identified it averaged 1.5 meters. Thus, both definitions
suggest deeper profile closure south of the point.

The individual profiles in Appendix A may be useful to the engineer in
determining depths of measured changes.

6. Volume Changes.

a. Stations. To test the assumption that the volume of sand eroded from
the upper beach during recession was matched by an equal volume deposited off-
shore, the cross—sectional area between profiles at each station was cal-
culated. The earlier profiles were usually too short to include all of the
active zone, so most area determinations are based on changes between 1971 and
1975. Because only 16 stations were reprofiled in 1971, 4 of the longest 1969
profiles were used to supplement the area change measurements.

b. Calculations. The profiles selected for volume calculations were
digitized at 5-meter intervals in the horizontal from the landwardmost to the
lakewardmost points common to both the earlier and later surveys (e.g., Fig.
12). The results of all the volume calculations are given in Appendix B. The
difference between the sequences resulting from digitization provides a se-
quence of changes, with positive values indicating a fill and negative values
indicating a cut. Multiplying the digitizing interval (5 meters) times the
summation of all elements in the change sequence gives a measure of the net
volume change per unit width alongshore. If the elements in the difference
sequence are summed from their landwardmost point to some arbitrary point
offshore, the product of that sum and the digitizing interval gives the net
change in volume per unit width over that arbitrary span. Below each set of
digitized elevations there is a continuous curve showing the change in volume
per unit width from the innermost point to each succeeding point across the
entire active profile. This cumulative volumetric curve is drawn to the same
horizontal scale as the profile.

A dashed curve plotted on the same axis shows the average thickness of the
net volume change if it were distributed uniformly from the innermost point to
the end point for which the change was summed (Fig. 12).

c. Results., Inevitably, on a receding shore the cumulative volume curve
is negative from the inner point out beyond the shoreline, indicating net
degradation or cutting over the upper beach. Small zones of aggradation or
fill offshore cause the cumulative volume curve to increase toward zero (Fig.
12). At a point farther offshore the cumulative volume curve returns to
zero. Between this balance point and the backshore the cut and fill exactly
balance each other; i.e., neglecting compaction and expansion, the sediment
could have been redistributed within that zone without requiring any gain or
loss to the outside. Offshore from this balance point the cumulative volume
curve would ideally not depart significantly from zero. With the real pro-
files, however, the cumulative volume curve offshore often increases about as
far above zero as it was below zero inside the first balance point (App. B).
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Figure 12. Schematic diagram of volume change calculations.

Farther offshore the cumulative volume curve usually crosses the zero line
several times before finally smoothing out. A positive cumulative volume
curve indicates additional sediment was supplied from outside the profile
area. [f this sediment came from offshore, the cumulative volume curve would
approach zero again if extended to the pinch-out depth. As it turned out,
changes in depth over the 4- to b-year period were so small near the pinch-out
depth that the total volume change summed over the entire active beach was
relatively unaffected by deliberate extensions of the cunulative volume curve,
and therefore, even more insensitive to actual uncertainties encountered in
selecting the pinch-out depth (Fig. 11). Although the cumulative volume curve
approached a constant near the pinch-out depth, it usually was not zero. The
value of the cumulative volume curve at the pinch-out depth, representing the
net change summed over the active profile, is tabulated by station from north
to south in Table l. The concept that equivalent volumes are eroded from the
upper beach and deposited offshore (sometimes called Bruun's rule) is clearly
invalid when applied to single profiles. In fact, with the given protfile
spacing, there is no sediment balance even when volume changes are calculated
over reaches several kilometers in length. Rosen (1978) pointed out similar
local imbalances in the Chesapeake Bay.
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Table 1. Volume change per unit width of shore.

Time .
Station  between Volume changes (mj/m/yr)
No. surveys )
(vr) Zone ll Zone 2Z Zone 33
1 4.2 -11.1 ~18.8 -8.7
2 4.3 -6.6 ~10.6 2.3
3 4.3 ~11.7 ~15.5-20.4
4 4.3 -6.8 -9.4 37,2
5 4.3 2.6 1.4 37.6
o 4.3 -0.5 -1.9 30.0
7 4.3 -6.0 ~14.8 -3.5
8 6.2 -4,8 -9.0 5.6
1v 4.3 -12.2 ~16.2 9.6
11 5.8 0.0 -2.4 26.9
12 6.3 U.3 -0.2 12.0
13 4.2 -16.5 -17.9 11.6
18 4.2 -3.3 ~-17.4 18.1
19 4.2 -11.5 =20.3 4.5
20 6.2 -7.3 -8.4 3.7
24 4.2 -0.9 -3.0 -2.4
20 4o -8.7 ~10.4 10.4
27 5.9 -10.2 ~13.1 -44.3
29 4,2 0.0 -1.9-65.2
Avg- ~6.1 ~10.3 3.4

1Extends from dune to shore.

2Extends from shore to bottom of first longshore
trough.

3Extends over entire profile.

For the entire study area, the total volume lost from the upper beach in 4
years (column 4, Table 1) averaged 41 cubic meters per meter. About 5Y per-
cent of this loss reflects erosion above the water surface (column 3, Table
1), the remaining 4l percent occurs between the shore and the first longshore
bar. The net volume change summed over the entire active profile produced a
small positive, but statistically insignificant net gain of sediment (3 cubic
meters per meter of shore per year). Thus, within the overall survey area,
there was a volumetric balance between erosion on the inner part of tihe beach
and deposition ofishore. This balance suggests that future protile ad just-
ments to different changes in water level may be predicted by a simple geo-
metric model discussed in the next section. This situation will not exist on
many open ocean coasts where eroded beach sands are transported landward by
overwash or wind, or are carried into inlets and deposited on ebb or flood
tidal shoals.

Iv. PREDICTION MODEL

This section presents an idealized concept of profile adjustment, dis-
cusses objections and difficulties with applying the concept, and shows how
these difficulties are minimized for the present data set. Application of the
concept using actual measurements is followed by generalizations and specific
guidance on applying the concept to other areas of the Great Lakes.
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l. Idealized Concept of the Sediment Balance Approach.

As described by Bruun (1962) a rise in the mean elevation of the water
surface tends to shift the equilibrium sand profile landward. As water levels
rise erosion prevails on the upper beach and the shoreline retreats. Con-
ceptually, the erosion supplies material to build the outer part of the
responding profile upward. It is assumed that the initial profile shape i»
reestablished farther inland and at a distance above its initial position
equal to the change in water level =z as depicted in Figure 13. Thus, the
ultimate retreat of the profile x «can be calculated given the dimensions of
the responding profiles, X and Z, and a measure of the stability of the
shore-eroded material in the outer zone, Ry.

zX(RA)Sg (2)
X = —_

(1)
z

where sg (z) =1 if z > 0 (i.e., water rising), or sg (z)

water falling.
r"L Initiol woter Surface

Closure Depth

1 if 2z < U (i.e.,

a. Equihibrium Profile

Finol

It } Water Surfoces
b. Increase of Woter
Level and Profile

Elevations

=

M

1

—

s

¢. Recession of 3:
Profile ::
s

=1

bd)

[ al

-t

d. Net Results
= X2
7

Figure 13. Schematized view of profile adjustment
as two rigid translations.
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One method of estimating the proportion of shore-eroded material that will
be lost is to use the textural characteristics of the active beach as a guide.
If the newly eroded deposits have a size distribution identical to that of the
sediment in the active zone prior to the water level change, then only insig-
nificant amounts will be lost through selective transport processes
Ry ~ 1. If a part of the eroded material is finer than the overlying native

and

beach it may be carried far offshore in suspension where it does not contrib-
ute to the building of a new profile. In which case Ry > 1 and additional
shore erosion must compensate for the loss. Thus, the situation is similar to

the problem of calculating the overfill ratio for a beach nour

ishment

pru-

ject. Hobson (1977) explains how to compute Ry to evaluate the suitability
of borrow material. The same procedures apply here except the "borrow mate-
the croding
section of the shore, i.e., the upper beach in the case of increases in lake
level since it 1is supplying sediment to the lower part of the adjusting pro-
file. [If the water level declines the lower part of the responding protile is
eroded to supply material to prograde the upper profile. In this case the
"native material” characteristics must be based on a composite sample of the
lower profile (i.e., the zone of offshore erosion). In either case the native
material characteristics must be based on a composite sample of the entire
of profile

rial” characteristics must be based on a composite sample of

responding profile from the limit of wave uprush to the point
closure.

If the engineer concludes, without specific textural data, that all of the

shore-eroded material will remain in the zone of profile adjustment,

Ry = 1. 1If the engineer estimates by other methods that only P
the eroded sediment will remain in the active zone then RA = 100/P.

percent

then

of

Equation (1) with Ry = | was applied to sca level rise on Florida beaches
by Bruun (1962), and in this context is often referred to now as Bruun's rule.
It is not so much a rule in any formed sense, as it is a statement of a fairly
simple concept based on assumptions which had been used by many early coastal
geomorphologists. However, explicit applications of the concept prior to

Bruun (1962) are unknown. Although references to the concept are frequent,

is still rarely used for predictive purposes.

2., Difficulties in Applying the Sediment Balance Approach.

it

Given the long-term effect of rising sea levels throughout most of the
Northern Hemisphere, it may be wondered why the sediment balance approach
(Bruun's rule) has not been more widely applied. The following difficulties

have been encountered with this approach:

(a) Skepticism as to the adequacy of an equilibrium rode
explaining short~term dynamic changes;

l for

(b) difficulty in determining R, or the percentage of sediment

lost from the active zone;

(c) problems of establishing a realistic closure depth
which water level changes have no etfect on profile stability;
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(d) confusion arising from a typographic error in one of the
equations defining prcfile retreat (Bruun, 1962); and

(e) the perplexity caused by a diseontinuity in the profile at
the closure depth which appeared in the original and all subsequent
diagramatic sketches illustrating the concept.

The first three difficulties (a, b, and ¢) warrant serious consideration
before applying equation (l); items (d) and (e), although perhaps confusing,
should in no way discourage or limit use of equation (1). The following
paragraphs address each of these difficulties in reverse order.

a. Discontinuity in the Profile (Iltem e). Previous diagrams illustrate
the adjustment of a profile to higher water levels by literally disconnecting
the responding part of the bottom from the static region offshore. The appar-
ent profile discontinuity, at the juncture between the static and responding
regions, has some didactic value in diagrams to the extent it emphasizes the
congruency between initial and final profile shapes in the active region.
Unfortunately, it also creates the impression that the model is inadequate for
explaining the transition between the active and static parts of the profile.
The discontinuity is not, however, an inherent part of the concept but rather
an artifice of the diagrams. Rigidly translating a profile upward and shore-
ward does not necessarily lead to a discoatinuity nor even a change in slope
as is demonstrated later in this report.

b. Error in an Equation (ltem d). Bruun's equation (la) (Bruun, 1962, p.
124) is dimensionally incorrect as published. This error may have discouraged
some readers from giving Bruun's concept their full consideration. The prob-
lem equation 1is, however, unnecessary to the development of this concept
(correctly expressed in eq. lb of Bruun, 1962). The validity of the Bruun
concept and of equation (1) in the present report is demonstrated geometri-
cally in Figure (3.

Figure 13(a) depicts a nearshore profile in quasi-equilibrium with wave
and wave-related forces. Note the closure depth below which the bottom
presumably does not adjust to surface wave and current conditions. To esti-
mate the ultimate shore retreat, the adjustment of the active profile is then
depicted as two rigid profile translations.

The first translation moves the active profile (i.e., the profile between
the closure depth and the point of highest wave attack) up an amount, 2z, and
reestablishes the equilibrium depths below the elevated water surface (Fig.
13,b). This step requires a volume of sediment proportional to the product
of X (the width of the active zone) times =z (change in water level); the
volume is made available by the second translation which is recession of the
profile (Fig. 13,c). Figure 13(c) shows that x units of recession provide a
volume of sediment proportional to the product of x times Z (the vertical
extent of the active profile from the critical depth up to the average eleva-
tion of the highest erosion on the backshore). Equating the volumes produced
and required per unit length of shoreline by these two translations (eq. 2}
produces equation (1l).
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If
xZ = zX
then (2)
. = 2%
Z

In reality, both translations occur simultaneously with the result that
the closure point actually migrates upslope as the water level rises. Shift-
ing the closure point upward and shoreward will affect the outcome of volumet-
ric calculations, and there are at least two ways to account for this small
defect in the geometric justification just given for equation (1).

First, a closure depth midway between the original and final depths could
be used with equation (1) to improve the accuracy of the calculation. The
horizontal translation of the profile would then imply a slight irregularity
or “step” where the new and old profile shapes meet. The step would consist
of a wedge of surplus sediment above the closure udepth and an equal volume
deficiency below; therefore, a local exchange of sediment is easily imagined
which would eliminate the step and completely reestablish the identical smooth
profile shape without affecting the overall sediment balance expressed in
equation (1). This method of accounting for the migration of the closure
depth is easy to visualize and consistent with the geometric derivation given
for the predictive equation.

Second, a more formal development of the sediment balance would have
integrated between profiles, allowing the closure point to move in infinites-
imal -teps with the water surface. This approach also eliminates the step
problem and results in the more precise relationship:

Z ;
Z -z 3

Xx = X &n

Neither method of adjusting equation (1) (by measuring the critical depth
from an intermediate water level elevation or using eq. 3) is generally neces-
sary because the change in water level, =z, 1is usually so small relative to
the total height, Z, that all three methods provide essentially the same
results. For example, if 2z < 0.1Z all results agree within less than 1
percent.

Thus, the simple expression, x ~ zX/Z, is not only valuable as a close
approximation, but also most useful because it 1is easily (a) recalled by
visualizing the adjustment of two rigid tranmslations, (b) explained in the
same manner, and (c) used as a quick mental check on the ultimate retreat
expected for various values of the independent variables.

c. A Realistic Closure Depth (Item c¢). Determining a4 realistic closure
depth is usually extremely difficult, The most direct ap, .ach is to compare
historic bathymetric surveys of the site in question. Unfortunately, adecquate
survey data of this type are rare. Neither pier nor stadia surveys extengd
deep enough, and if a hydrographic survey does extend to deep water, allow-
ances must be made for the fact that both sounding errors and boat-positioning
errors usually increase significantly with depth and with distance from shore.
It is thus often impossible to substantiate apparent offshore changes. On the
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oceans, waves and tides create ditticulties in establistlay g datun. AU times,
it is impossible to distinguish the ettect of long=period swell jo creatog.
wiaves on the sounding record ftrom actual sand waves on the sca Tloor (fa, oo
and Sarlin, 1970; Bruno and Gable, 197v).

Finallv, it decp reliable protiles are tound, cvolation ot the  losare
depth tor use in equation (1) requires two surveys scparated by au ap,ropri cte
time period during which protile adjustment actunally occurred 0 response to
known change in water levels.  Hallermeier (1977) demonstrates tae desende oo
of profile closure on local wave conditions.  The dittercace betacen Jde U ot
clusure at two sites with identical wave and sediment chisracteristics, oac with
a stable mean water level and the other with o recently displaced witer jovel,
has not been studied. It scems plausible that storm waves coald cause o et
profile change where cquilibrium had been perturbed by tace recent shitt i the
acan water level, and vet cause only sedinent aotion and Caimost by detinition)
no aet change in bottom clevation where the protile was in eqailibrian with

constant water level. [t this is the case, real water level changes are
essential it repetitive protiles arce to revedal o closure depth suitable tor
testing the Bruun concepts  Clearlv, many problems plague the determination ot
the appropriate closure depth and thercetore discourage application ot broaun's
concept for predicting fuature shore retreat.

d. Ry or the Percentage of bediment loss (ltew b)e mguat ion (1) oo b .
ad justed to account for any sediment lost from the act e protile, but only it
the volume losses can be determiaoced. Otten they cannot. Loss occurs when '
there is an uncompensiated exchange ot sediment bevond the surveved boundiaries.
Losses can occur ottshore, onshore, or alongshore. o the west oastl, subma= :
rine canyons complicate the determiniation ot oitshore losses. oy the  oalt

cudst, hurricdane processes have moved coarse sediment trom as deep as 20 oncters
onto barrier islands (Hayes, 1967). Return currents atter hurricance passage
reportedly spread a 1= to Z2-centimeter layer ot beach sand over homogenous nuds
8 kilometers trom shore; even thicker lavers of nearshore silts ad ands re-
portedly noved much tarther gulfward as  turbidity currents (Hayves, 1yn/).
Onshore losses are o problem on the cast coast.  High tides and severe storas
trausport beach sand to the bay side ot barriers at rates ranging trom nore
than 40 cubic meters per meter within individual overwash deposits daring
single storms to about | cubic meter per meter tor long stretches o1 shore
yearly (Schwartz, 1975). The ceagineer must consider the contribution ot these
or other processes to sediment losses over the period ot his studyv.e It T Qs
tound to be the net exchange ot sediment in time, T, across the boundaries ot
a control area with longshore length, Y, then the anticipated retreat should

be reduced by QT/YZ:

zX(R‘\)SS (2) ot
X = ———— (4)

Z YZ

e. Adequacy of an Equilibrium Model (Item a). VUsce of equilibrium assump~-
tions to nmodel dynamic coastal changes also deserves scrutiny. The idea of an
"equilibrium beach profile” has had a long history (e.g., Fenneman, [902); how-
ever, opinions still differ as to exactly what the concept actually entails.
By one detinition, the profile of equilibrium 1is the ultimate shape which
coastal processes strive to impart to a beache 0Of coarse, nature seldom re-
mains constant long enough for a strict equilibrium to develop. In the present

29




context, the term, eqgu!’7heium prof e reters Lo a4 curve ot tixed size and
shape which “adequately” represents the "average” protile shape belore per-
turbation by a4 shitt in water level. By assumption, shore crosion cventually
returns the protile to this same shape dtter it is displaced as 4 result ot
the water level change (sce Fig. 13).

v willingness to accept equilibrium as a reasonable approxination is not
inconsistent with recognition of seisondl, storm, or other temporary protile
tluctuations. Careful judpment should be made on 4 case-bv-vase baslis, 11
ticld protiles claim to reprusent quasi-equilibrium conditions. Geuerally,
the claim will be more reasovnable the longer the time trame of the study.  The
spatial extent of the study is also important. Usually, the lounger the
streteh ot shore, the more likely that longshore variations will also averdyge
out, thereby, providing an overall equilibrium,

This discussion has shown that the Bruun concept is theoretically sound
but ditficult to apply in the tield. The next subsection examiones how some of

the ditticulties discussed above are avoided in the lake Michigan datae.

3. Suitability of Present Data tor Testing the Sediment Bilance Loncept.

The ways that previously discussed difticulties (iteas o Lo e) attect lake
Michigan data are outlined here, before an actual application ot the data ia
the next subsection. Ditticulties (d) and (e) should not limit application ot
the model to any data set tor reasons discussed in the last subsection.

Establishing a realistic «closure depth (item o) depends  on accurite
repetitive profiling. Profile errors increase with distance trom shore.
Fortunately, the bottom drops oft to suitable depths ro-latively rapidly ia the
present study drea. Furthermore, the Great Lakes are tree trom tidal varia-
tions as well as from long-period swell. The Great Lakes are notorious tor
their large storm surges and seiches; however, based on extensive water level
measurements in 1969, it was concluded that these disturbances are not a
signifi nt problem in the present study. By choosing the right time ot vear
and surveying only when conditions are calm, it is possible to avoid datum ind
bottom ambiguities. Note the absence of confusing wave interterence on the
raw fathogram in Figure l4.

The difficulty of determining scdiment losses (item b) on the Great lakes
is greatly simplified by the absence of submarine canyons, hurricanes, and
overwash events. Fluvial sediment input is also no problem because all rivers
entering eastern Lake Michigan flow through deep inland sediment traps.
Dredging at Pentwater Channel is well documented. On the average, bU,u0u
cubic meters is removed annually, and some of this is returned to adjacent
beaches. Inlet losses have only a small effect on the overall sediment budget
for the broad study area. Thus, in the present application Q (eqe. &) will
have a negligible effect.

The only process supplying new sediment to the active profile is shore
recessions Furthermore, shore deposits and backshore bluffs within the study
area contain less than 1 percent silt, making it unnecessary to correct for
any unstable fine fraction (i.e., Ry = 15 eq. 1. Thus, a number of site-
specific attributes simplify sediment balance for the study arva.
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Tne dependence ot the model on equilibrium assumptions (item a) makes 3t
ditficult to get convincing tield confirmat<om because waves, currents, dand

conditions of sediment supply never remain constant for long. on the other
hand, because it is an equilibrium model the potential tor arp77e72¢7m Is
broadened. The model can even apply to situations where stourms of fan's
inf luence upset equilibrium. The predicted retreat in such cases would
indicate the adjustment required by just the chdange in witer level; eltects
due to other changes would have to be superimposed it signiticant. Thus, once

the concept is contirmed, equilibrium tends to make application casicer.

The model itselt provides no indication of the time period required tor
the beach to return to equilibrium. krrors in misjudging e¢quilibrium, and
failing to account for the lag between cause and eftect, dre all too casy to
make if the data cover only a small reach of shore or a4 short period ot time.
The length of time and the number of profiles studied here are thought to be
sufficient to avoid this problem.

4. Application of the Sediment Balance Approach.

a. Longshore Contributions. Wave data suitable for prediction ot long-
shore transport rates are not available in the study drea. Various indica-
tions of the direction of transport are compiled in Figure 15, tvidence trom
coastal geomorphology (Hands, 1970), from longshore changes in grain size
(Saylor and Hands, 1970), from the pattern of channel shoaling (Hands, 1976a),
and from data hindcast for extreme storms (Resio and Vincent, 1976c¢) suppests
that the direction of longshore transport in the vicinity ot Pentwater tirbor
is predominantly southward, but subject to frequent reversals; extrapolation
from Saville's (1953) hindcast data suggests a northward transport. Littoral
Environment Observation (LEO) data from Mears State Park were inconclusive--
too short a record and subject to the eftects of a large eddy and retlected
waves from the Pentwater jetties. Near profile station 17, the extreme storm
data and the usual deflection of Silver Lake Creek crossing the beach sugpest
that the direction of transport changes to northward on the south side ot
Little Sable Point. Beyond the southern limit of the study arca, storm data
from White Lake and Muskegon suggest a close balunce between northward and
southward flows in that region. South of Grand Haven the geomorphology and
storm data indicate net southward transport for the remainder ot the castern
shore. Therefore, there is a consistent pattern of drift moving toward Little
Sable Point from the north (Summit Park) and from the south (White Lake) (Fig.
15).

Long—-term convergence of drift toward the Silver Lake dunes would be
consistent with the evolution of Little Sable Point from a shallow embayment
several thousand years ago when water levels were 7 meters above modern levels
(Hough, 1958) to the dune-covered coastal promontory of today.

The areas from Ludington to Summit Park and from White lake to Muskegon
appear to be natural boundary zones of longshore divergence (Fig. 15). In
addition to these natural boundaries, the jetties at Ludington and at the
pumped storage facility 4 kilometers farther south (Fig. l6) are also obsta-
cles to sediment input from the north. The jetties and entrance channel at
White Lake likewise reinforce the natural southern boundary. Present —day
processes, storm patterns, and engineering projects thus limit the possible
sources of drift converging toward the Silver Lake dunes to those beaches and
bluffs primarily within the present study area (sec Fig. 4).
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Figure lo. Pumped storage facility south of Ludington. The shore south
ot Ludington is a zone ot ygeneral longshiore divergence. The
Jetties built at the pumped storage tacility in 1971 turther
restrict longshore transport in this area ot divergence and
thus establish a specific northern limit tor sources ot sand
to the present study area.

The assumption that there is no signiticant longshore input or losses
beyond the present study Llimits {is reasonable, especially considering the
minor impact any imbalance would have on the 5SU-kilometer stretch ot shore
during this period of rapid shore erosion. For example, 4 net intlow ol
100,000 cubic meters per year (an improbably large tigure) would be volu-
metrically equivalent to recession of only 0.2 meter per vear, (lll5 1.13/)'1‘)/’
(5> x IUZ' mx U m), while the observed shore recession actually averages
LeD meters per year. 5o the maximum conceivable longshore input is small
relative to the enormous exchange of sediment onshore and ottshore during this
period of rapid profile adjustment.

b. A Possible Inland loss. A possible inland loss on Little Sable Point
complicates the otherwise simple sediment balance tor this adrea.  The Silver
Lake dunes occupy about 6 kilometers ot shoreline between protile stations 13
and 17 and extend more than a kilometer inland (Fige. Y). These  actively
migrating dunes reach heights ot 35 meters along the inland halt ot the dunc
field (Fig. 17). Along the shoreline, the dune ridpes crest about 7 meters
above lake level (Fip. 18) and some ponded intecdune dreas are at  approxi-
mately the same level as Lake Michigan (177 meters, International Great Lakes
Datum). For many hundreds of years this dune tield has been ted by the con-
vergence ot longshore transport toward Little Sable Point trom both the north
and south, and by the inland transport ot sand by prevailing west winds. The
dune shoreline receded more than any ot the adjoining beaches during the study
period (Fig. 19). The vastness ot the dune tield, the ettect ot = to 2=meter
wave~cut blutts  which wmarked much ot the dune  shoreline, and the virtual
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Figure 1/. Silver Lake dunes, looking frow Lake Michigan across
the dunes to Silver Lake. Spit extension probably
sealed ottt the two bodies of water soon atter the
Nipissing high lake levels which, according to Hough
(1956), would have been about 3,000 years betore
Present (B.P.)s Continued longshore transport and
prevailing west winds built the dune tfield along the
tront »f rhis low receptive embavment.

absence of an exposed beach across which the wind could blow make it difficult
to estimate the volume of sand actually transferred inland during the recent
period of high water. It is assumed that inland losses to the Silver Llake
dunes between 1969 and 1976 exceeded the gain of sediment supplied to the
adjusting profile from the dunes by only a small amount which can be neglec* d
in the calculation of an overall sediment balance for the larger studvy area.

c. Measured and Predicted Shore Retreat. Because the initial 1967 survey
covered only a small area in the vicinity of Pentwater Harbor, an area subject
to less recession than the surrounding “undisturbed” beaches (Hands, 1979),
testing of the sediment balance approach was best done by using the 1969-76
survey data and excluding measurements made within 500 meters of the Pentwater
jetties. The extent of shore covered (25 profiles spread over 50 kilometers)
and the length of time monitored (7 years), together with the sizable increase
in mean water level during the study period and the generally near-ideal con-
ditions discussed previously, make this application the most realistic field
test of equilibrium profile migration to date.

Measurements of the width of each profile from the vegetated dune line to
the pinch-out depth for each station were taken and averaged to ohtain X = 921
meters. The heights of the scarps which waves had cut in the tforedune were
also measured at each station. As the profiles had not vet developed a
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Figure 19. Longshore variation in net shore retreat from
1969 to 1976.

significant scarp in 1969, the average dune height for the period of
ad justment was approximately one-half the average scarp height in 1976,
Average dune height added to the average pinch—out depth taken froa Figure 11
established the vertical dimension of the adjusting profile (the Z in eq. |

and Fig. 13). The resulting average value of Z was 13.6 meters. Under the
discussed assumption of regional sediment balance, the ratio X/Z times the
measured water level change (z = 0.20 meter) equals the ultimate shore retreat

(-13.6 meters). The retreat actually measured between 1969 and 1976 also
averaged -13.6 meters. Considering the mcasurement and sampling errors in-
volved in determining each independent variable a predictive capability ot
less than a tenth of a meter certainly is not claimed, but the results clearly
confirm the appropriateness of the equilibrium—sediment balance approach when
applied in the proper setting.

As noted previously, pinch-out depths are deeper south of Little Sable
Point than to the north. The eroding dunes are also higher there, which even
further enlarges the vertical dimension of profile adjustment south of Little
Sable Point. Consequently, the equilibrium prediction might be applied sepa-
rately to the two regions. Likewise, because additional surveys were con-
ducted in 1971 and 1975, separate predictions could be applied to these
shorter time intervals (1969 to 1971 and 1969 to 1975) as well. Thus, par-
titioning the original data provides nine individual, though not independent
tests (Table 2). The greater pinch-out depth south of Little Sable Point
increases both the width, X, and height, Z, estimates in a compensating
fashion so that there is little effect on the predicted outcomes.  The values
predicted for north of Little Sable Point are essentially the same as pre-
dicted for south of Little Sable Point for each of the three time periods
(Fig. 20). Considering prediction versus measurement, the predicted retreat
from 1969 to 1971 was too high for all three areas (117 percent hiyh tor the
area as a whole). The prediction for 1969 to 1975 was also high, bul unot as
far oftf as before (45 percent high for the whole area). Thesce overestinat ions
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Profite Retreat (m)

Figure 20.

Table 2. Predicted and observed profile retreat.

Survey periods
Study area 1969-1971 1969~-1975 1969-1976
Xx = 0.12 x =0.39 m x = 0,20 m
X =870 m X=1,020m X =923 n
Average height, Z (m)
Northern section 10.84 12.15 12.50
(stations 1 to 15)

Southern section 12,90 14.28 14,80
(stations 16 to 29)

Whole area 11.86 13.21 13.60
(stations 1 to 29)

Predicted retreat, Xz/Z (m)

Northern secton 9.63 27.93 13.92
Southern section 9.49 27.86 13.78
Whole area 9.34 27.25 13.57
Observed retreat x (m)
Northern section 4.6 20.0 12.6 2
Southern section 3.6 16.8 14.8
Whole area 4.3 18.8 13.6
Overprediction (pct)
Northern section 109 40 10
Southern section 164 46 7
Whole area 117 45 0

301

= Stations t6-29
——e Slolitne 1 -29

A
——— - ”
| Stations  1-1% _y///\\

20}

Calculated Vllimate
Retreat

Aclual Measured
Retreol

L L | | | | |

0 -
1969 1970 197} 1972 1973 1974 1975 1976
(yr)

Calculated versus measured retreat. The predicted ultimate retreat, in
response to post-1969 changes in mean lake level, exceeded the observed
retreat by more than 100 percent in 1971 and about 50 percent in 1975,
presumably because the active.profile had not had time to completely read-
Jjust to the higher water levels. Almost perfect agreement had developed by
the time of the last survey, 3 years after the lake levels peaked.
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of retreat are attributed to the fact that profile retreat was actually lag-
ging behind the lake level rise. As hypothesized earlier (Hands, 1976a),
rising water levels establish a potential for erosion and realization of that
potential requires sediment redistribution, i.e., work which drpends on the
energy being available. The convergence of measured and predicted retreat in
both regions, 3 years after annual lake levels had stabilized, suggests that
several storm seasons may be required to readjust the profile to changes in
mean water level of several tenths of a meter.

According to the model, which works well here, the problem of predicting
the etfect of lake level changes is equivalent to the problem of identifying
the pinch-out depth. The remarkable confirmation of theory and data in the
present case highlights the need to generalize a method applicable to similar
regional, long-term settings but where wave energies and therefore pinch-out
depths might be significantly different.

5. Using Wave Climate to Estimate the Pinch-Out Depth.

In the model, the closure depth is the point below which the bottom does
not adjust to changes in water surface elevation. In the field, this point
was approximated by averaging the upper bounds of the region of negligible
profile change in repetitive surveys {pinch-out depths). The closure depth,
thus established, is not necessarily appropriate for other areas of the Great
Lakes. The depth of profile closure should vary regionally with the wave
climate. Unfortunately, the repetitive profile record is usually not suffi-
cient to establish this parameter.

In these cases, knowledge of the wave climate is useful. Wave gage data
obtained during profile survey periods are too short to be indicative of the
important long-term conditions in the study area; however, wave climate data
are available from other sources including hindcast studies (Saville, 1953;
Resio and Vincent, 1976a, 1976b, 1976c, 1977, 1978), shipboard observations
(Pore, et al., 1971; National Oceanic and Atmospheric Administration, 1975),
U.S. Coast Guard reports (Liu and Housley, 1969), and the LEOU program (Weggel,
1979). Considering site specificity, long-term coverage, and the availability
of comparable data for the entire U.S. shoreline of the Great Lakes, Resio and
Vincent's reports were chosen as the basic reference for extrapolating profile
response from the present study area to those with significantly different
wave environments. Their wave climate parameters were generated by a
numerical hindcast model using wind data from the extreme storms recorded over
a 30-year period. The parameters thus describe only the deepwater storm
conditions.,. Because the maximum depth of profile response depends on the
higher waves and because only a consistent, relative measure of spatial wave
variability 1is needed, the mwmilder waves though important in profile
development need not be considered here. It is reasonable to assume that the
maximum depth of intense bottom agitation depends on at least the wave period
and the shoaled and refracted wave height, but Hallermeier (1977) found that
the maximum depth in a number of actual design wave conditions was essentially
proportional to deepwater wave height alone.

The wave height data unecessary to estimate the pinch-out depth for any
Great Lakes site are given in Appendix C. The average pinch-out depth
established within the present study area is 2.1 times the average 5-year
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return-period wave height for the area. In the absence of direct profile
q change measurements, the pinch-out depth for other regions is thus estimated
as:

d~ 2.1 hg (5)

where hg is the 5-year return—-period height given in Appendix C.

The accuracy of this approach is not known. For an idea of how sensitive
the prediction of profile response is to errors in estimated closure, assume
that this study is restricted to the area north of Little Sable Point (sta-
tions 1 to 15, Fig. 9). North of the point, the pinch-out depth (from direct
measurements) averages 10 meters. With no repetitive profiles south of the
point the estimate would be that pinch-out occurs at 1.96 hg. The 1.96 would
be a less reliable estimate of the coefficient in equation (5). The average
hg south of Little Sable Point was 5.39 meters (Michigan stations 15 and 16,
see App. C), so the estimated closure depth would have been 10.56 meters which
is 1.43 meters or 12 percent too small (Table 3). Adding this value to the
mean dune height, D, south of Little Sable Point produces a new estimate
of %; the distance of the 10.56-meter contour from shore produces a new
estimate of X (Table 3). Using these new values, the estimated response to
a 0O.2-meter increase in lake level would be 13.9 meters which is only 1
percent over the value obtained from actual measurements south of the point.
This exercise illustrates the self~compensating tendency which errors in the
pinch-out depth have on equation (l). The depth estimate was 12 percent too
small when the procedure was applied to data different from those used to
estimate the coefficient k in d = khs. The effect, however, was to
introduce less than 1l percent error in the predicted shore retreat.

Table 3. Cross-validation indicates the effect of estimating pinch-out depth from wave climate
data. Calculated estimates (hatted) are compared to measured values (nonhatted).

-~

-~ ~ ol zX A z
hy k d d=19nh; z Z=d+D X X=fd) x=i %=

Whole area 5.3 2,1 11 = e=--e — —— ————— -— m——— mee—e
(stations 1 to 29)
Northern section \ 5.1 1.96 10  -===- e ——=-- e
(stations 1 to 15)
Southern section 504 ——= 12 10.56 14.8 13.36 1,020 928 13.78  13.89
(stations 16 to 29)?
Error -— ———— - 12% —— 10X ————— L2 S <12

XUsed for an independent determination of k.

2lh;ed for error check by comparison with estimates based on data from the northern section only.

To be realistically applied, the model should have input from many
profiles spaced along a section of coast; as a consequence, there is little
point in partitioning the present data set any further. The cross validation
shown above does not reflect all the drawbacks of estimating the pinch-out
depth from wave climate because, using adjacent sections of coast, it does not
introduce the full range of bathymetric variability unor the range of wave
environments within the lakes. How well wave climate estimates from widely
different environments will perform remains uncertain. However, the prospects
seem good and alternatives nonexistent. The model . should be applied cau-
tiously, and wherever there is any indication of how well or poorly it worked,
the results should be reported.
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6. Inferences from Profile Shape Alone.

a. Preliminary Check. Prior to any detailed evaluation of the variables
required as input to the model, a preliminary examination of the profile shape
near the presumed closure depth, d, will indicate how reliable these evalua-
tions need to be. If the profile shape changes abruptly near this depth, then
the choice of d may strongly affect the resulting prediction, depending on
whether the exact value chosen is above or below the break in slope (see Fig.
21,a). If, however, the bottom is planar and sloping at the right angle, the
ratio of Z/X and therefore the predicted retreat will be unaffected by vari-
ations in d over a wide range. In such cases the exact value of d wused to
evaluate equation (2) will be unimportant (Fig. 21,b).

a. UNMATCHED SLOPES a,>>a,

So - >> =
2

and the choice between d, and d,is crihcal

AAAAAAAAAAAAAAAAAAAAAAMAAAAAS

d: Contemplated
d pinch -out depths
3

a,

b. UNIFORM SLOPE e =a
z z 174 74
So ~—i=x—'-v—'—=-——'—=reneoi
,\r X, ? X, X,
and exact choice of d s of no consequence
ifd, <d<d,
Z,
zl d,
Z, d Contempluted
2 pinch - out depths
ds
¢ B
L
’ \Z:EN

a \

Figure 21. Importance of offshore slope. In case a the prediction
of retreat will be mich more sensitive to the correct
selection of a pinch-out depth than in case b.

b. 1Is the Prediction Conservative? The evaluation of d on the basis of
wave data may result in an estimate of closure which the engineer feels is
either too low or too high. Yet he may have no specific evidence on which to
base another choice. The engineer should determine if the suspected error
strengthens or weakens arguments based on the sediment balance model. Exam-
ination of profile shape resolves the possibilities as shown in Figure 22.
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Figure 22. Diagram for determining if a suspected error weakens or
strengthens arguments based on the sediment balance prediction.

If a line connecting two comtemplated closure depths extends below the average
height of the dunes throughout the section of shore under study, then over-
estimating the closure depth causes equation (1) to overpredict the response;
underestimating the closure causes equation (1) to underpredict the response.
But, if the line extends above the dune height, then overestimating the
closure underpredicts response and underestimating the closure overpredicts

response. If the extended line intersects the dune crest, the prediction
remains unaffected by the error in d. These relationsips will apply
regardless of whether the predicted response is a retreat or an advance of the
shore.

c. ldeal Long-Term Development. The longshore variability in slope near
a depth of d 1is another item to check. If all profiles have the same off-
shore slope, a, and if it 1is assumed that long-term recession unearthed
deposits similar to the modern substrate and the wave climate has been sta-
tionary, then tan a = Z/X; i.e., a 1is not only the actual bottom slope, but
also Hick's (1972) effective angle of shore response. Profile migration in
response to rising water levels under these conditions would ideally leave a
slope below its trailing edge which could serve as a clue to past recession.
If the shore formerly supplied a greater volume of littoral material per unit
of recession (because dunes or bluffs were higher or contained a larger per-
centage of suitable littoral material), then the slope beyond the trailing
edge would tend to be convex. An increasing supply of sand would tend to
produce a concave slope as erosion provides more and more sediment for each
unit of recession.
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To simplify profile representation, many engineers fit a smooth curve to
their data. Several possible physical mechanisms that would give rise to
equilibrium profiles of the power-curve type have been described (e.g., Bruun,
1964; Dean 1977). Other forms that sometimes fit profile data (e.g., log-
arithmic, parabolic, etc.) are, like the power curve, everywhere concave
upwarde There is a problem inherent in the use of such curves to represent
profile response to changes in water level; e.g., Bruun (196%) found that the
expression for offshore deposition, based on his adopted power curve, indi-
cated an unrealistic thickening of the deposit offshore. Figure 23 and the
following paragraph show why this and similar problems occur when a curve
which is everywhere concave upward is ad justed according to equation (1l).

- X —

Figure 23. Limitations of analytical models with profiles everywhere concave up. Tangents
will have only one point of intersection. On the other hand, the idea of ex-
posing a trailing edge implies that the offshore slope equals Z/X, 1.e., the
extension of the offshore slope must intersect the profile above the water
surface. This is impossible if the profile is everywhere concave upward.

Ad justing an equilibrium curve to higher water leaves a trailing edge off-
shore. By assumptions, the projection of this surface toward the shore must
intersect the profile again at the highest point of wave adjustment (see Fig.
21), but the tangent of any concave-upward profile will intersect it at only
one point and everywhere else will be below the curve.

If it is assumed that the offshore slope gradually approaches Z/X near
the closure depth, then concave shapes only represent the inner part of the
active profile. Manipulating such curves to represent adjustments to higher
water levels inevitably leads to unrealistic consequences offshore.

d. Inferring Angle of Profile Adjustment from Offshore Slope. As dis-
cussed previously, a uniformly sloped trailing edge suggests steady-state con-
ditions (i.e., no significant change in wave climate, profile dimension, or
sediment type). In such cases, direct inference from slope to retreat
(X/Z ~ tan a) is risky because forces other than wave~induced currents may
have modified bottom slopes over the long timespan of profile recession.
Furthermore, where the retreat is small relative to total width of the
responding profile, the mean slope over this short distance is difficult to
measure precisely. Lastly, errors in estimating the critical depth would lead
to measuring the slope at the wrong place. Nevertheless, it may be useful to
consider the types of geometry implied by idealized profile adjustment, com-
pare them with actual profile shapes, examine alternate explanations for
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observed shapes, and then evaluate the results in light of all the other
evidence and indications at hand.

In cases where the only data are hydrographic surveys (and possibly wave
climate but no data on backshore deposits) a crude first guess at the ratio of
retreat to submergence could be made directly from the slope of an apparent
trailing edge.

Uniformity of slope over a broad section of the critical depth on adjacent
profiles is striking in present study areas (Fige. 24). The fact that this
slope equals the ratio of measured retreat to lake level change (x/z) does
not necessarily follow from the observation that x/z = X/Z (shown in Table 2),
but it is an additional observation that further confirms the appropriateness
of the sediment balance approach for long-term predictions on the Great Lakes.

The regional variation of profile slopes above the pinch-out depth (Fig.
25) reflects active processes which are not uniform alongshore. Rip currents
and shoreline undulations are other expressions of such lateral variationse.
The marked divergence of slopes below the critical depth reflects deeper
modern processes unrelated to surface wave action or relict processes
inherited from a much earlier period of lake evolution.

V. EXAMPLE PROBLEMS

The following problems are evaluated on the basis of limited amount of
available survey data. They provide examples of the basic steps in applying
the proposed method for profile prediction. If these predictions were
intended to support actual design or management decisions, a more careful
evaluation of conditions at the field sites would be required.

% k k k k x k k x k¥ x % x x* * EXAMPLE PROBLEM 1 * * % % % % % % % % % % % % %

GIVEN: A conteaplated change in the regulation plan controlling the water
supply to Lake Ontario would raise the long-term surface elevatiun 0.3
meter.

FIND: What effect would the higher stages have at the ecastern end of lake
Ontario?

ANALYSIS: The barrier beaches and high dunes which characterize this stretch
of shore are of special ecological and scenic value. Being downwind from
the major storm paths across lLake Ontario these barrier beaches are exposed
to the highest storm waves on the Great Lakes, but because of relatively low
land development, few protective structures exist along this reach of the
shore. Sand extends lakeward across a series of longshore bars. There are
no known rock outcrops, and there is a close balance between southward and
northward longshore transport.

EVALUATION OF TERMS:

2 = 0.3 meter Given
hg = 6.4 meters From site 16 (App. C)
b4
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13.4 meters Estimated closure deptho a = 2ol b Chron cge o)
+ /.0 meters Average height ot the crodiag dunes above
stillwater level.

2= 21 meters Swia ot the two values obtained above.
X = 2,414 Averdage distance ot the ldoa-neter depth con-

tour trom shore.  The vertical ditwe shoald
be the same reterence below waleh Lo closure

'

depth was aweasured ia the previoas steje

R, = 1 All ot the material eroded trom the apper
beach is expected to remain within the
bounds o1 the respoadiag protile.

X = —— = - = 34 peters Evaluating equation (1)

It is estimated that the higher stages shitt tihwe cquilibriuang snore prorile
an average of 34 meters inland and ralse it 0.3 meter above present condi-
tions.

X ok ok ok ok ok ok ok ok Sk ok ok ok ok EXAMPLE PROBLENM 2 oK% ok ok ok gk ok ok ok ok ok &k ok ox

GIVEN:  Assume a new regulation plan is proposed to aodity the a0 low o L '
Mdichigan and Lake Huron via the St. “arvs River. It sdopted, s plan

would lower the long-—tern nean surtface clevition ot Lake Michi i and axe
Huron by 0.3 meter.

FIND: What eftect will the lower water levels biave on shore crosion gt tin
[ndiana Dunes National Seashore?

ANALYSIS: The dredged channel and navigation structures at o MHouizsen ity
updrift of the Indiana Dunes National Secashore, bHlock some ot tae potential
sediment input from the ecaste  Westward longshore transport out o tae Qe
area thus creates a sand deticit and contribintes to a long=stanting crasion
problem in the park. As lake levels tall the storeline withdriws aad Lo
beach widens. Assuming lake carreats and waves are ol altered, Chev tend
to reestablish the previous profile shape at a lower and nore fakeward posi-
tione. Longshore losses to the west continue to exceed the nel o suppiy o
the easts.  However, ottshore where the bottom slope is cradual, Towering, »
the water surface brings bottom sedinents into a shallower nvdraalic reine.
This resualts in ottshore sediments wovioy Lindward o stecpen aoarshionre
slopes, to build dunes on the widened beach, and to toed t Lot i
currents leaving the dune area to the wests  The camulative ctlects o Ues
ad justments  can he  estimated asine  cquation (1) Seco hds cig Yy o
documentation ot shore  aceretion daring  period on dowo Tivea, Lo Tove oo

EVALUATION OF TERMS:

2= =003 meter Liven
i:) = H3 meters averaye trom o sites Jaoand 29 (. )
Floel meters bBopth ot protile closure = Tol 00 (Erees e !
+ 29 meters Fstimated averape height ot dunes expocted

torm on the widened beach Taweward o the

present toredone,

a8




A= 14 acters Sun ob tue two values obtaiaed above.

No= 3,030 meters Averagze distance ot the tlei=-ncter contour
Trom shore, based on ticld surveys.

Ry = | Jtisiore sands are expected tu aove onshiore,

and the wind is not expected Uty carry sand
irland past the present toredune.

= =07 wmeters  bhvaluating cgaation (1),

Lt is thus estimated that lowering the lake level 003 meter ertectivel.
shitts the egut/[hriyr position 63 neters lakeward.  As discussed, there oill
still he a net loss of sand due to net transport Lo the wesl; Lhercelore, o
artul shorveling is not expected to advance 63 meters lakeward. 5 reasonabiae
interpretation is that there will be a long-teran gain ot b)Y weters o1 bHoaon
that otherwise wonld have been lost by erosion at the previous water levels.
Dividing 65 meters by the appropriate recession rate provides an estinate o
when the avoilded erosion would otherwise have occurred.

[t 15 percent of the otftshore sediments are in the clav- ur silt=-=i‘e
range and are thought to be too tine to remain in the active shore zone,
the width ot shore saved should be reduced to (L = U,13) x 0% meters = 5
meters. Note that a liberal estimate of future dune heights, D, would also
nake the predicted savings more conservative.

k ok ok Kk % ok ok ko %k Kk % Kk K k % Kk k % k % k k k %X % % k k k & % k %k k k k kx * % %
Vil SUMMARY

Ad justments ot the beach and the nearshore zone to long—term changes i
lake level were monitored between 1967 and 1970 along a Y-Kilometer streton o
shore ceatered on Little Sable Point, icnipan.  The bathvaetry ol tais resion
is marked by a scquence of tour to tive longshore bars which arc persistent
trom veir to year. The bars are continuous over tens of kKiloneters, though tie
pattecn is disrupted 12 an area opposite Little sSable Poiate  In the cross sco=
tion the bars are much less regular and snooth in an arca 4 Lo > Kilometers
around this broad protrasion ot the shorelines  The bars soutn of the poiat .are
deeper than to the north. Grain sizes throughout the study aved, botin on the
beach and  along the bhar crests, decrease toward tne poiat. The  longshore
transport converges toward the point.  The tendency obf protiles to be irregular
in areas with an overabundance ot sand has been noted elsewhere by Bruun
(1962). The similarity and syvmmetry ol the other patterns suggest 4 common
dependence  of  all  the discussed variables on long=term directional wave

chirdacteristics.

The longshore dritt which converges on Little Sable Point is primarilv trom
arecas encompassed by the study.  So the fact that the longshore transport rates
within the study area are not well known does not hitder the calealation ot g
net sediment balance tor the overall region, The volume ot material eroded

from the upper beach  over 4 vears averaped 41 cubic meters per ameter-lenpth ot
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shoree. Zones of deposition of the material found oftshore caused the cunula-
tive volume measurement made along the protfiles to increase toward zero. The
cunulative volume curve typically crossed zero and displayed high positive
values before settling toward a constant value far trom shore. There was no
tendency tor imbalances on one profile to cancel opposite imbalances on
directly adjacent profiles. However, considering the overall region, onshiore
losses closely matched offshore gainsg; there was no evidence of signiticant
exchange bevond the surveyed area.

The general sequence of response to increased water levels iancludes
immediate inundation, gradual migration of the longshore bar sequence up the
beach slope, and increased shore recession (but at a rate dependent on storm
events). Bar migration occurs even under relatively mild wave conditions.
This tends to maintain constant bar depths even while the mean water elevation
is changing. Consequently, the barred profile becomes compressed toward
shore.  The crosion of shore deposits and their redistribution lay behind the
migration ot the bars. Shore recession eventually reestablishes a wider
separation between inner bars and the waterline. In the present instance,
reversal of the lake level trend occurred before all the material deposited
of fshore was reshaped to reestablish relief on the outer bar comparable to
that observed at the beginning of the study.

VII. CONCLUSION AND RECOMMENDAT LONS

Hands (1979) presented a set of shore retreat measurements made at the
present profile stations over various periods of water level change. The
average shore retreat for a given change in water level was approximately
proportional to the amount which the water level had risen over that period ot
time. It was supggested that this linear dependence be used as a guide in
estimating the effects of future lake level changes, not at a siagle profile
station but for a reasonable stretch of similar shoreline responding to a siwm-
ilar submergence.  Qualitative guidelines suggested how the estimates snould
be moditied to retlect ditferences in sedinment characteristics, erosional
torces, and the length of time considered. Because the lake level and shore-
line measurements referred to changes over the same time period, no allowance
was made for the fact that the shore was probably out-of-phase or lagping
behind the water level change. It was, however, pointed out that some lag was
inevitable and that the evidence indicated it could be on the order of a few
yearse The time required for complete readjustment would depead on the energy
available for sediment redistribution.

A more comprehensive method ot estimating protfile response to hipgh water
is developed here using hydrographic survey data to extend the same beach pro-
files to depths of more than 12 meterse A simple sediment balance cquation
predicts the amount of retreat ultimately necessary to reestablish an equilib-
cium profile. Rematgkable agreement was found between the costimated altimate
retreat and that which actually accrued 3 years atter lake levels stabilized.
Realistically, the equilibrium model also overpredicted shore retreat tor the
shorter periods of sustained lake level risce betore stabilization.

The choice of whether to adopt a linear rcvelationship between retreat and
submerpgence, making the qualitative adjustments as discussed in Hands (1979),

or to apply the sediment balance approach presented here will depend on the
timespan of interest, the amount of site=-specitfic  data available, and the




similarity between test and problem conditions. Initial consideration of both
estimates may be usetul for placing high and low bounds on the expected re-
sponse. Of the two, the equilibrium approach is more objective and flexible
as it takes site-specitfic characteristics directly into account.

Both approaches must be qualified, however, tor the possible exposure of
nonsandy substrates, for the possibility of local intervention halting erosion
and changing longshore balances, and for the conditions that existed before
the period of application.

Results vceported here are promising. However, the contrast between the
extreme simplicity of the model and the intractable complexities of actual
beach and nearshore processes emphasizes the need for careful application and
further evaluation of these methods. Careful application during future lake
level cycles should provide a clear indication of weaknesses and usctulness of
these methods. If further research is then devmed necessary, the section of
shore studied here would serve as a good test site, for reasons discussed in
the text and because of the available past record. If such a study is neces-
sary, plans should be made to extend the study over at least a full cycle of
rising and falling lake levels with biennial surveys. The full longshore unit
should be covered from the Ludington pumped storage facility to the White Llake
jetties. The positions of station monuments used in the past studies are well
documented and can be reoccupied, but supplementary profiles should be estab-
lished between these sites because of the large variation in shore response
observed between adjacent stations.

Because of the required profile length, boat positioning 1is critical.
Methods other than the usual siting on surveyed range markers are necessdry.
The time of year for surveying is also important. A change in water tem-
perature from 24° to 13° Celsius within 2 hours was noted during sounding
operations in this study. Extreme temperature changes can affect the repro-
ducibility of soundings. In the spring, as waters warm, a sharp temperature
and acoustic gradient develops near the shore. Significantly cooler water is
sometimes trapped in a series of pools between the longshore bars.

Even in late summer, when the thermocline is typically near 15 meters, a
change in wind direction can quickly flush the nearshore zone of warm water
and replenish a series of longshore pools with cold bottom water. Calibration
of the sounding instrument with a reflector suspended over the side of the
boat (a bar-check) should be done from the surface to the maximum profile
depth, and in a water column essentially like that at the protile site.
Variations which cannot be eliminated by tield adjustments can be corrected
during data reduction stages if careful notes are kept of bar-check results.

A good evaluation of the simple profile response model presented here
should be relatively ecasy after the lakes have undergone another long-tern
cyclee  However, obtaining the field data to significantly improve the situa-
tion would be a more ditficult and expensive undertaking.
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APPENDTY B

VOLIMY CALCULATINONS

This appendix presents net onrofile changes, cumulative volume curves
(evey,)  and  average thicknesses of these volumes (Th), The calenlation
nrocedures are described in Section TIT, A, h and illustrated in Figure 17,
Tahle 1 in the text tabulates the rates of chanee {n cuhic meters ner meter
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APPFNDIX C

VARTATIONS IN EXPOSHURE TO STORM WAVES AT THF GRFAT LAKES

This appendix presents location maps (Figs. =1 to C-5) and wave height
measurements (Tables C-I

to C-5) for the Great Lakes study sites. Helghts
along the fence shown below are related to the energy of storm waves obhtained

from a numeric hindcast model by Resin and Vincent (1976a, 1976h, 1976c, 1977,
1978).
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Tahle C-1. Wave heights (in meters) at Lake Superior studv sites.
SITE LOCATION LAT LiHDE  LONGTTUN h,
1 PIGLON LAY, MN u7.9% 89 . u1 .3
2 GRANN PURTAGE, MN 47.6:0 BY .63 5.8
3 FARQUIIAK kN, MN 47,60 fHY. R4 L8
Y RKULE RV, MN 47,610 90,09 5 9 ;
4 GRANDE MAKRATYS, diN W7.66 90,8 5.9
é PUILAR EIVIR, MN 47,64 90.4% 5.9
7 CARKLTUN FEAk, MN W7.50 90 . &8 6.7
8 TACONTIE HAKEKOR, MN 47,50 90 .91 6.0
9 EAPIISH NIVE K, fIN 47,3y 91.11 6.0
10 LITYLE TWO HAPgURS, MN 47,20 91.3> 4.0 ,
11 ACATE BAY, NN 472,04 1.5 5.6 |
12 KNIFF RIVIR, MN 45.90 91,77 5.5 ‘
- 13 DULUIH, MN W6 7Y ?1.90 508 "
14 KRULFE POINT, Wl Y. 75 91,72 4.4
15 JRON RIVEE, Ul 4é6.90 91.41 3.9
16 CRANKE KRY RIVLR, WI 4é6. %91 ?1.30 4.2
17 SIGKIWIT LA, Wl 47,06 ?1.09 3.8
18 PUINT I TOUR, WL 47.07 90 .8 u. 0
19 ROCKY 14L.aNl, U B7.08 90 .67 y.,
20 MAKRKLE POINT. Wl 46,78 904" Y. & f
21 SAXON HAREOR, W) Y. el 90.u% 3.9
22 MONTRLOL RIVER, MI Yé. 64 ?0.24 4.2
23 PROSQUT 1500 RIVER, M 46, 8O 96.04 4.1
24 PORCUP NG miHIITAING, ™M1 46.94 89 .41 u,9
25 PORCUPING MOUNTAINS, 8] 46,94 B89.61 .0
26 ONTONALNN . ML 4b.94 89 .40 %, 3
27 FOURTFEIN MILIT POINT, #l u7.09% 89,19 5.2
28 ELM RIVER, MI 47.11 88.98 sS4
29 REDIRIGUE , M) W74 Qg 77 .3
30 CALUMET, ML Y7, 38 ag. 5. 5.8
31 EAGLE FIVELE, ™Ml u?.4%3 &8. 34 L.,9 1
2 EAGLE HARKOR, M 47.53 88.1y 4.7
33 COPPER Hakiuk, ml w7.4%3 87.91 4.5
3y SCHLATTER LAkt , ML 47.53 87.70 4.3
3% MONTTOH YSEAMD, ML 47.38 87.u9 L ‘
36 KEWEENSU PUINT, M1 47.48 87.70 5.5 '
37 PUINT SoakbLLE, M1 W7.04 87.91 5.4 j
38 TRAVFRUGE PUINT, MI 47.09 88. 14 5.5 t
39 PEOUAMING, M 6. 9% ©g . 35 “.7? !
40 HURON RIVEN POINT, MI 46.95 87.91 4.4
'3} KIG kAY, Ml 46.9% 87.70 4.8 ’
2 GARLIC POINT, M 46.R1 87.% 4.9 '
43 MARQUETIL, NI 46.66 87.09 5.1 I
Yy DECRTON, M1 46.66 87.08 5.2 J
4S AU TRAIN BAY, M] Bé. 66 84 .86 5.1 !
46  GRAND [SLAND. MI 46. 66 86.65 5.3 |
8?7  GRANIN PORIAL POINT, M1 46,69 86.45 T.4 !
w8 AL} SARLE POLNT, MI 44.79 86.23 5.5 t
49 GRAND MAKATG, M1 46.78 86.02 5.5 '
50 SUCKER RIVLCR, ™I 4s6.78 85 .80 5.5
S1 IEER PARK, M] 46.70 85.60 5.6 1
$2  LITTLE L.AKE HARROR, MI 46.77 85.39 5.6 t
53 CRIGP POINT, M1 46.91 85.18 5.3 )
Sy PARADNIGE, M1 46 .42 84.97 3.0
13 POINT JROQUOIS, MI b6 . 46 gy . 7% 3.9
56 GRNS CAP, MI 46.61 84.76 3.0
57 GOUL.AIS RIVER, MI “6.76 84, 7% $.95
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Figure C-2.

Study sites at Lake Michigan.
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Tahle (-2. Wave helghts (in meters) at lake Michipan study gites.

SITE LOCAT TON LATLTUNL  LUNGTTULE

-2

(]
1 STURGE UM EAY, MY LS X @5, 32 .4
2 HAKBHR CPRING, Ml 45.50 8%. 32 3.7 '
3 F 1M PMAN 1SRN, n] W5 .37 85,0 4.3
4 TRAVE ROE by, ml 4%5.23 8y.70 4.1
& TRAVENRSE CIVY, nl 45,10 86.15 3.7
& ManNLTIuu, Mt 44 .95 R4 .15 3.9
? PLATIL 1 sk, ML w4, 80 686,17 Y. 6
2] FRANKRFOIRT ., ™1 Wy, 48 36, 39 5.2
9  ARCAlIIA, MY uy ., 53 R . U0 5.7

10 ONEKAMA, Nl 4Yu . 38 H..40 4.3

11 MANLISIEY, ™) W4 . 24 g6 .41 y.5

12 BIO SAkLE POINT ., M1 4y .09 86,63 4.4 §

13 LUBINGTUN, B) w3, 94 Bo. bk 5.3 ‘

1% PENTUATER, MI 435,80 86 .64 5.1

1% LITTLE Sakil PRINT, M) 43, 6% 86.66 N

16 BENONA, M 43,52 16,67 5.4

17 MONTAGHL , nl $3.36 /6. 4R 5.7

18 MUSKERGN, M) 43.23 86.50 .7

19 GRANDE  HavEN, MI 43,06 86,32 5.8

20 GRANLE RAPIDG, ML 42.93 86.33 5.6

21 HOLLANDG, MT 42.78 6§6.33 5.3

22 DOUGLAS, M1 42,64 86.35 S.u

23 SOUTH HANEN, nf 42. 48 Bé . 36 5.3

24 S GOUTH HAVEN, MI §2 .3y 84.37 5.2

2% KENTON HAREOR, MI 42.21 B4 .57 5.0

2 S 8T, JDSEPH, Ml 42.06 84.598 5.0

2 NEW RUTEALD, NI 41.93 86.78 4.8

28 MICHIGAN CITY, IND 41.78 86.99 5.2

29 KURNSG HARKOK, IND 41.79 87.18 5.4

39 CHICAGD, fikL 1 .80 87.38 St

31 CHICALY SHTE CaNal, Tt 41.9% 87.56 5.

32 EvansToN, [LL 42.10 B?.54 5.3

33 HIGHLAND FARK, TLL 42.24 87.73 5.2

3 WAlLKEGAN, (LG Y240 g7.73 1.8

35 KFNOSHA, WT 42,54 87.73 5.2

36 S RACINE, WI 42.4%9 87.71 3.9

37 N RACINF, Ul y¥2.83 87.70 5.0

38 S MiILUWAlKFE, Wl 42.97 87.69 5.0

39 MILWAUKEE, WY $3.12 87.68 v.8

wo S PORT WABHTNGTON, UI 43.27 87.468 3.9

wi PORT WASHINGTON, UWJ 43.41 qe. 67 3.7

42 N PORT WASHINGION, WI 43.55 87.44 1.8

83 S SHEROYGAN, UT 43,69 87.65 6.0

Wiy N SHEBQYGAN, WI 43.84 87.6%5 4.7

4S5 MANT TOWGC, W1 43.98 87.6% 3.8

%6 TUQ RIVERS, Wi Yy .13 B87.43 3.7

47  RAWLEY POINT, Wl Yy, 2 87.42 v.5

48  KEWAUNEE, Wl Y. 42 B7.41 1.8

49  ALGUMA, UI wu.56 87.20 3.4

56 STURGEQN HAY CANAL, Wl Uy, 70 87.? 3.6

13 JACKSUNPURY, W] 4y . B8Y 87.18 8.7

52 KATLEYS HARHUR, Wl 4y .98 86 .98 %.5

53 N CANAL LIGHYT, ul 45.14% 86.96 3.6

L2 WASHINGION 1-LaND, Wi 45 .27 86. 74 LN

5%  FISHYRMAN CHOAL, W1 4s. uy 86,73 3.2

56  ESCANARA, M) w5, 54 86.52 4.7

5? POINT AUY LARWES, MY 45 .48 84,30 %.1

%8 N POINT AUX RARQUES, MI 45 .83 86.2 3.3

9 MANISTIONE , MT “%.683 86 .08 3.9

80 PORT ISLAND, Ml w5 .81 8% .88 3.7

61 POTINT FATTFRSON, M) w5 .94 85.66 2.6

62  MILLE COQUING RFFF, Ml ws. 9% 85 .45 2.2

43  SAULE STE MAR),, MY “5.93 8%.2% 2.

&4 HREWOORT LAKE, Ml “5.92 /5. 0% 3.7
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Figure C-3. Studv sites at Lake Huron.
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Table C-3.

SITE
1
2
A

)
]

&

)
)

8
£l
in
11
12
13
14
15
16
17
18
19
20
21
22
23
24
28
? \‘.{)
27

28

LOCATION

PUORYT HUKON, MI

LAKEPORT, MI

LEXINGTON, MI

PORT SANLLAC, MI
FORFSTVTLLE, MI

HELENA, ™I

HARROR KEACH, M1

HURON CITY, MI

PORT CRESCENT, MI
ENTRANCE SAGINAW RAY, MI
TAWASL CITY, MI

OSCHIS ALl SARLE, MI
GREENELISH, MI
HARRIGVILLE, MI

RLACK RIVER, MI
OSSINEKE, MI

NORTH FOINT, MI
ROCKPORY, M1

STONE PORT, MI

ADAMS POINT, MI

KOGERS CITY, MI

HAMMONI BAY, MT

CORPUOOD POINT, MI

POINT DOLOMITE, MI
DETOUR REEF, MI

WOEND DIRUMMONG ISLAND, MT
FALSE NETOUR CHANNEL, MT
COCKBURN ISLAND, MI
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LATITULE

L3,

43,
b3,
43,
b3,
L3,
43
Ly,

L,

Ly,
b,
Ly,
AT
b,
W4
4y
b,
4s
U5,
U5,

Lo,

us,
L5
U5
U5

WS,

02
14
3
43
99
7y

. 88

03
03
03
17
21
hé
60

LT
89

Ok

.18

32
46
Ué
é1

AN
. R9
L,
LG
uh,

a9

g
i

5

LONGITUDE

Wave heights (in meters) at Lake Huron study sites.

82.33

82.
.33
82.
82.
82.
82.
82.
83,
83.
83,

g2

83

83.

83

83.
83.
83,
83,
83,
83,
]3.
83,
gy,
a4y,
83,
83.
83,
83,

33

[~
a2
c
ol

g2
&0
71
11
30
20
11
11
11
11
11
11
30
30
50
70
90
09
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o0
70
50
30
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Figure C-4.

Study sites at Lake Frie.

Table C-4.
LOCATION

MONROF, MI

CEDAR POTNT, OH
LOCUST POINT, (IH
PORT CLINTON, OH
LAKESIDE, OH

HURON, (H
VERMTLYION, (OH
LORAIN, OH

AVON POTHT, OH
CLEVELAND, 0OH

E OF CLEVELAND, (OH,
FATRPORT HARERNR, 0OH
FEOF FATRPORT HARROR, OH
GENEVA, (H
ASHTARULA, OH
CONNEAUT, OH

GIRAD, P&

ERIE, PA

F OF ERIE, PA

E OF NORTH EAST, PA
WESTFIELD, NY
DUNKIRK, NY

ANGOLA, NY

BUFFALDO, NY

b1,
L
e
b1,

Ui

41
41

41
U1
1
b1
bl

41

u2
Y2

%2

87
72

69

Loy |

RSN |
L2
b1, 5%
HY
T
T
68
.88
% A
b1,
L

5T

ey
(S

) s

%51

C 0
LC
w2,

12
oy

27

S}
L
u2,
68
42,8

W1

[l
QRN |

33

Wave heights (in meters) at Lake Erie study sites.
LATITUNE

LONGITUDE h

g3,
83.
07
82,
L7a
82,
ex.
g2,
81,
a1,

83

82

21

ea

79

9.
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Figure C-5. Study sites at Lake Ontario. é

Table C-5. Wave heights (in meters) at Lake Ontario study sites. éi
SITE LOCATTON LATITUDE  LONGTTUDE h I

FORT NIAGARA, NY W3, ux 79,03 a0
WILSON, NY B3, 43 73,83 .ol
APPLETON, NY B3, u5 18,62 I 3
THIRTY MILE POINT, NY HA LG T84
LAKESIDE PARK, Y L 7H 28
KENDALL, NY Wi, uv e, ar
NORTH HAMILLTN, NY B3 47 VLR
o WEST RO TER, NY h3, 48 TELAS
K4 EAST ROCHESTER, NY B3, 37 KT
10 PUHLTNEYWILLE, NY w3, 37 TELA
11 SOMS, NY X, 348 YL 07

5o

RS

i E o

fnd wrd Dl

£ oo

b5
12 WOLCOTT, NY 3,328 vE5L 87 4.5 |
13 FATRHAVEN, MY 3.4 VoL 63 G
14 OSUWEGD, NY h3.63 TéH L E) 9.6 H
15 LACINA, NY B3, 63 TH, 2 5.8 |
16 BELLEVILLE, NY W3, 77 TEM Ak
17 GALLOO TSLANT, NY h3. 21 6L T .8 }
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